Abstract Attenuation of the growth hormone (GH)/ insulin-like growth factor-1 (IGF-1) axis results in extended lifespan in many organisms including mice. Conversely, GH transgenic mice have excess GH action and die prematurely. We have studied bovine (b) GH transgenic mice (n = 9) and their wild type (WT) littermates (n = 8) longitudinally and have determined several age-related changes. Compared to WT mice, bGH mice lost fat mass, became hypoglycemic and had lower insulin levels at older ages despite being hyperinsulinemic when young. To examine plasma protein differences in bGH mice relative to controls, samples at 2, 4, 8, 12 and 16 months of age were analyzed by two-dimensional gel electrophoresis followed by identification using mass spectrometry. We found several differences in plasma proteins of bGH mice compared to controls, including increased apolipoprotein E (five isoforms), haptoglobin (four isoforms) and mannose-binding protein-C (one out of three isoforms), and decreased transthyretin (six isoforms). In addition, clusterin (two out of six isoforms) and haptoglobin (four isoforms) were up-regulated in bGH mice as a function of age. Finally, alpha-2 macroglobulin (seven isoforms) was altered in an isoform-specific manner with two isoforms increased and two decreased in bGH mouse plasma compared to controls. In conclusion, identification of these proteins suggests that bGH mice exhibit an increased inflammatory state with an adverse lipid profile, possibly contributing to their diminished life expectancy. Also, these newly discovered plasma proteins may be indicative or 'biomarkers' of a shortened lifespan.
Introduction
Transgenic animals are widely used to study functions of specific genes. They can provide models of human diseases (Dunn et al. 2005) and have applications in many diverse fields ranging from production of pharmaceuticals (Dunn et al. 2005; Houdebine 2009 ) to conferring disease resistance in cattle (Wall et al. 2005) .
Acromegaly is a condition caused by excessive production of growth hormone (GH), which is a hormone regulating longitudinal growth and metabolism. GH induces expression of insulin-like growth factor-1 (IGF-1), a potent growth factor that mediates many of GH's actions. Acromegalic characteristics include increased lean mass, decreased fat mass, enlarged bones and swelling of soft tissues, with complications including cardiovascular abnormalities, insulin resistance and respiratory problems (Chanson and Salenave 2008; Paisley et al. 2009; Berg et al. 2010; Melmed et al. 2009 ). If left untreated, these abnormal physical features would result in death. GH transgenic mice (Hammer et al. 1985; McGrane et al. 1988) , which have markedly elevated serum levels of IGF-1, are gigantic, lean, insulin-resistant and die prematurely (Wolf et al. 1993; Steger et al. 1993 ) partly due to liver, kidney and heart problems (Quaife et al. 1989; Doi et al. 1990; Bollano et al. 2000; Izzard et al. 2009 ). These mice are particularly valuable to study because they share many characteristics with human acromegalic individuals. Additionally, the reduced lifespan of GH transgenic mice makes them a useful model system to study aging and age-related diseases.
Serum/plasma samples are routinely used for disease diagnoses. Blood contains subsets of tissue proteins that can provide indicators or biomarkers of the physiological state of the organism. Protein separation and identification by two-dimensional gel electrophoresis (2-DE) has been used to uncover biomarkers in diseases states including cancer, Alzheimer's disease, diabetes, liver and heart diseases (Huang et al. 2006; Zhang et al. 2004; Villanueva et al. 2006) . Because GH transgenic mice represent a mouse model of premature aging, we set up a longitudinal study to examine the plasma proteomes of bovine (b) GH transgenic mice over their lifespan. Plasma proteins that showed significant genotype differences as well as aging differences from wild type (WT) littermates were identified. These proteins may be indicative of an accelerated aging phenotype.
Materials and methods

Animals
bGH transgenic mice were generated by injection of a linearized plasmid encoding the metallothionein 1 transcriptional regulatory region (promoter) driving bGH cDNA expression into the pronucleus of C57BL/6 J embryos as previously described (Hammer et al. 1985; Berryman et al. 2004) . Male bGH mice (n = 9) and their WT littermates (n = 8) in the C57BL/6 J background were analyzed at 2, 4, 8, 12 and 16 months of age. Since five bGH mice died between 16 and 18 months of age, which was consistent with the previously reported shortened lifespan of this mouse line (Berryman et al. 2004; Wolf et al. 1993) , 16 months was the last age included in the analyses. Mice were housed 2-3 per cage in a temperature controlled room (22°C) with a 14-h light, 10-h dark cycle. Mice were fed ad libitum with a standard chow diet (ProLab RMH 3000 PMI Nutrition International, Brentwood, MO; calories proportion is 14% from fat, 26% from protein and 60% from carbohydrates). Animal protocols were approved by Ohio University's Institutional Animal Care and Use Committee.
Body composition
Body composition was measured at 9, 13 and 16 months using the Bruker Minispec (The Woodlands, TX) as described previously List et al. 2009; Ding and Kopchick 2010) . Measurement of earlier ages was not performed as a previous longitudinal study had already followed body composition up to 12 months of age on a separate cohort of the same strain (bGH) of these mice ). The current study focused on changes occurring at later ages. The data are presented as absolute mass (gram) for lean, fat and fluid mass. Measurements were performed in duplicates and mean values were reported.
Plasma collection
All bleedings were performed at approximately 3 PM to eliminate potential diurnal variation. Blood was collected in heparinized capillary tubes following tail tip clipping. Whole blood was centrifuged at 7000 g for 10 min at 4°C and the resulting plasma was stored at -80°C until additional analyses were performed. Plasma for proteomics and IGF-1 analysis was collected at 2, 4, 8, 12, and 16 months of age. Because of insufficient volume of plasma for all assays, separate bleedings were performed 2-4 weeks after each time point and used for glucose and insulin measurements. These mice were fasted for 4 h before the bleedings.
Fasting glucose, plasma insulin and IGF-1 Blood glucose was measured on whole blood using a ONE TOUCH glucometer (Lifescan, Milpitas, CA). Plasma insulin levels were measured using an ultrasensitive mouse insulin EIA kit (ALPCO, Windham, NH), following the manufacturer's instructions. The sensitivity of the insulin EIA was 0.115 ng/ml and the intraassay coefficient of variation was 9.3%. Plasma IGF-1 levels were determined using the DSL-10-29200 mouse/rat IGF-1 ELISA kit (Diagnostic Systems Laboratories, Inc., Webster, TX) following the manufacturer's instructions. The sensitivity of the IGF-1 ELISA was 1.3 ng/ml and the intraassay coefficient of variation was 4.83%.
2-DE and quantification of proteins 2-DE was carried out within a week after plasma collection. The 2-DE procedure was described in detail previously (List et al. 2007b; Qiu et al. 2005; Sackmann-Sala et al. 2009; Okada et al. 2010; Ding and Kopchick 2010; Christensen et al. 2010; CruzTopete et al. 2010) . Briefly, plasma total protein concentration was measured by the Bradford method (Bradford 1976 ) using a protein assay reagent (BioRad, Hercules, CA). For each sample, 750 lg plasma proteins were treated with 8 M urea, 1.8 M thiourea, 4% zwitterionic detergent (CHAPS), 5 mM reducing agent tributylphosphine, a protease inhibitor cocktail (Sigma-Aldrich, Inc., St. Louis, MO) and 15 mM iodoacetamide. The sample was loaded onto a 17 cm immobile pH gradient gel (IPG) strip with a linear pI range of 3-10 (Bio-Rad, Hercules, CA). After actively rehydrating (50 V) for 12 h at 20°C using a Protean IEF cell (Bio-Rad), the strips were subjected to first dimensional isoelectric focusing (IEF) at 10,000 V for 60,000 V-h. Strips were then incubated in 2% (w/v) sodium dodecyl sulfate (SDS), 0.5 M Tris/HCl (pH 6.8), 20% (v/v) glycerol for 25 min and the middle section (pI 5-8) possessing the majority of plasma proteins, as previously determined (List et al. 2007a) , was removed and subjected to second dimension SDS polyacrylamide gel electrophoresis (PAGE) with 15% acrylamide. The gels were fixed overnight in 40% ethanol and 2% acetic acid followed by washing in 2% acetic acid. Gels were then stained with SYPRO Orange (1:5000) (Molecular Probes, Eugene, OR) for 2 h.
Gel images were captured using Pharos FX plus laser-scanner (Bio-Rad) with an excitation wavelength of 488 nm and an emission wavelength of 604 nm, as previously described (Sackmann-Sala et al. 2009; Okada et al. 2010; Ding and Kopchick 2010; Christensen et al. 2010; Cruz-Topete et al. 2010) . Proteins were matched across all gel images using PDQuest (Bio-Rad) software and manually checked. For quantification, the intensity of each protein spot was determined according to the fluorescent signal strength and normalized to the total density of each image. The data were exported, logtransformed and then subjected to statistical analysis.
Protein identification by mass spectrometry (MS) and MS/MS (performed at Protea Biosciences, Inc.)
Proteins of interest were excised manually from the SDS-PAGE gels and shipped to Protea Biosciences, Inc. (Morgantown, WV) for MS and MS/MS analyses using matrix assisted-laser desorption ionization (MALDI)-time of flight (TOF) and MALDI-TOF-TOF. The details of MS and MS/MS were described previously (List et al. 2007b; Qiu et al. 2005; Sackmann-Sala et al. 2009; Okada et al. 2010; Ding and Kopchick 2010; Christensen et al. 2010; CruzTopete et al. 2010 ).
Manual confirmation of protein identification from the MS and MS/MS data (performed at Ohio University)
MS and MS/MS data were manually submitted to MASCOT as described previously (List et al. 2007b; Qiu et al. 2005; Sackmann-Sala et al. 2009; Okada et al. 2010; Ding and Kopchick 2010; Christensen et al. 2010; Cruz-Topete et al. 2010 ) for confirmation of the results reported by Protea Biosciences. For MS data, the searching criteria were as follows: SwissProt as the database, mouse as the species, trypsin digestion, maximum one missed cleavage, fixed carbamidomethylation of Cys, variable modifications of oxidation-M (methionine), pyro-Glu, monoisotopic, and 50 ppm of peptide mass or parent tolerance. For MS/MS ion search, in addition to the above conditions, a peptide charge of ?1 and a fragment mass tolerance of 0.5 Da were used.
Western blotting
Plasma samples were used for 1-D and 2-D Western blotting analysis as described previously (Ding and Kopchick 2010) . Western blots were performed for apolipoprotein E (APOE), haptoglobin (HP), transthyretin (TTR) and mannose-binding protein C (MBP-C) based on antibody availability. All primary antibodies were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA) diluted 1:1000, including goat antimouse apoE, rabbit anti-mouse HP a-chain, rabbit anti-mouse TTR and rat anti-mouse MBP-C. For all Western blots, samples at an intermediate age (8 months) were used. For each sample, 50 lg plasma proteins were loaded for 1-D Western blotting and 750 lg plasma proteins for 2-D Western blotting. Equal loading of samples was confirmed by PageBlue protein staining (Fermentas, Glen Burnie, MA) of the gels after protein transfer to PVDF membranes (data not shown). After blocking with 5% milk in trisbuffered saline, primary antibody incubation and washing, the membrane was incubated in horseradish peroxidase (HRP)-linked secondary antibodies diluted 1:5000 (goat anti-rabbit from Millipore, Temecula, CA; donkey anti-goat and goat anti-rat from Santa Cruz Biotechnology), followed by Pierce Ò ECL Western blotting substrate (Thermo Scientific, Rockford, IL) for 1 min, and finally exposed to HyBlot CL TM autoradiography film (Denville Scientific Inc., Metuchen, NJ) for 1-6 min depending on the signal strength.
Statistical analysis
All statistical analyses were performed using SPSS 14.0 software (Chicago, IL). Data for IGF-1 were subjected to Student's t-test with a significance value P \ 0.05. Data for body weight, body composition, fasting glucose and insulin were subjected to twoway repeated measures ANOVA with genotype as a fixed factor. For genotypic differences at each age, an independent t-test was performed. For protein intensity, the log-transformed data were subjected to twoway repeated measures ANOVA for five different age points (2, 4, 8, 12 and 16 months) with genotype as a fixed factor. The significance threshold used for proteomic data was set to \0.01 to reduce false positives (Biron et al. 2006) . All data were presented as mean ± SEM.
Results
Body weight and body composition
As shown in Fig. 1a , bGH mice had significantly greater weights than WT mice throughout their lifespan as has been reported previously ). Interestingly, body weight showed a significant interaction between genotype and age, with WT mice gaining weight as they aged while bGH mice reached a maximum weight at 8 months, remained constant from 8 to 12 months, then lost weight from 12 months onward.
Body composition was examined at 9, 13 and 16 months of age and were in agreement with previous studies (Berryman et al. 2006; Berryman et al. 2004; Palmer et al. 2009 ). In terms of absolute mass, bGH mice had greater lean and fluid mass but smaller fat mass than WT controls (Fig. 1b) . Interestingly, fat mass showed a significant interaction between genotype and age with an increase as WT mice aged but a decrease as bGH mice aged. bGH mice had significantly larger normalized percent lean mass (70.7 ± 1.6% versus 80.9 ± 1.4% at 9 months; 67.0 ± 1.9% versus 81.8 ± 0.5% at 13 months; and 66.3 ± 2% versus 82.9 ± 0.5% at 16 months for WT and bGH mice respectively), smaller percent fat mass (18.2 ± 1.8% versus 8.5 ± 0.7% at 9 months; 22.4 ± 2.3% versus 6.5 ± 0.5% at 13 months; 22.1 ± 2.4% versus 4.7 ± 0.6% at 16 months for WT and bGH mice, respectively), but similar percent fluid mass compared to WT mice (5.3 ± 0.2% versus 5.5 ± 0.2% at 9 months; 5.2 ± 0.2% versus 5.3 ± 0.1% at 13 months; 5.4 ± 0.1% versus 6.1 ± 0.5% at 16 months for WT and bGH mice, respectively).
IGF-1, fasting blood glucose and plasma insulin levels
Plasma IGF-1 levels were measured at 6 months. IGF-1 levels for bGH mice were 820.9 ± 57.2 compared to 373.9 ± 18.0 ng/ml for WT mice (P = 3 9 10 -5 ), similar to a previous report (Mathews et al. 1988) . Fasting blood glucose and plasma insulin levels were measured longitudinally. Surprisingly, bGH mice had significantly lower glucose levels than WT mice (Fig. 1  c) . In fact, glucose levels were similar at younger ages but significantly different at older ages (P = 0.005 for 12 months and P = 8 9 10 -7 for 16 months). Thus, there was a significant interaction between genotype and age with WT mice maintaining a similar glucose level through aging while bGH mice had decreased glucose levels at 12 and 16 months. Insulin levels (Fig. 1c) also showed a significant interaction between genotype and age with higher levels in bGH mice at 2 months (P = 0.014) but similar levels at 4 and 8 months, and lower levels at 12 (P = 0.035) and 16 months (P = 0.007) compared to WT mice.
Detection of plasma proteins in bGH versus WT mice by 2-DE Plasma proteins were analyzed at 2, 4, 8, 12 and 16 months of age. On average 150 protein spots were detected per gel. Figure 2 is a reference gel image of identified proteins that changed significantly in bGH versus WT mice. MS and MS/MS identification, details on theoretical and experimental molecular weight (Mw), isoelectric focusing points (pIs) and known post-translational modifications (PTMs) can be found in the Online Resource 1. For these proteins, more than one spot on the 2-D gel were identified as the same protein (Fig. 2) . These different versions of the same protein are termed 'isoforms'. For example, seven spots corresponded to seven distinct isoforms of a-2 macroglobulin (A2M). The different isoforms may be a result of PTMs that alter the Mw and/or pI of a given protein. For some proteins, all isoforms ) and a significant interaction between genotype and age (F(1.7,25.4) = 9.1, P = 0.002). b Absolute body composition of WT and bGH mice at 9, 13 and 16 months. Black, fluid mass; white, fat mass; gray, lean mass. Two-way repeated measures ANOVA revealed a significant interaction between genotype and age for fat mass (F(2,30) = 32.7, P = 3 9 10 -7
). c Fasting glucose and insulin levels of WT and bGH mice during aging. Two-way repeated measures ANOVA revealed a significant effect of genotype (F(1,15) = 32.2, P = 4 9 10 -5 ) for glucose; a significant interaction between genotype and age for glucose (F(3.194, 47 .91) = 16.3, P = 0.003) and insulin (F(4,44) = 5.5, P = 0.001). * means significant difference between genotypes (* P \ 0.05 and ** P \ 0.01) increased or decreased; however, for others, only a subset of isoforms changed significantly.
APOE and MBP-C were up-regulated in bGH mice
The five isoforms of APOE increased dramatically in bGH mice at all ages compared to age-matched WT controls ( Fig. 3a) with total APOE levels (defined as the sum of all APOE isoform intensities) being significantly higher in bGH mice. Figure 3b shows the gels in which the intensities of the five APOE isoforms were more intense in bGH than WT mice at all ages. Western blotting confirmed that total APOE levels were higher in bGH than WT mice (Fig. 3c) . The isoform distribution pattern and the expression differences were also confirmed by 2-D Western blotting (Fig 3d) .
Similar with APOE, MBP-C isoform 1 increased significantly in bGH as compared to controls (Online Resource 2). 2-D Western blotting confirmed this; in addition, two other isoforms of MBP-C also appeared more abundant in bGH than WT mice (Online Resource 2), although they did not reach statistical significance (data not shown).
TTR was down-regulated in bGH mice
Six TTR isoforms decreased in bGH mice compared to controls (Fig. 4a, b ), as did the total level of TTR.
As can be seen in Fig. 4b , these isoforms had lower spot intensities in bGH than WT mice at all ages. This decrease in total TTR levels was also confirmed by 1-D Western blotting (Fig. 4c) .
A2M showed isoform-specific changes in bGH mice
Of the seven isoforms identified as A2M, isoforms 1 and 2 increased, whereas isoforms 5 and 6 decreased in bGH as compared to controls (Fig. 5) . The other isoforms as well as total A2M did not change between genotypes.
HP and clusterin (CLU) showed a significant interaction between genotype and age Four HP alpha chain isoforms were up-regulated in bGH mice and showed a rapid increase during aging compared to WT mice (Fig. 6a) . HP alpha was barely detectable in WT or bGH mice at 2 and 4 months, but became detectable after 8 months (Fig. 6b, c) , and continued to increase as a function of age. This agedependent increase has been reported previously for WT mice (Ding and Kopchick 2010) . However, a more dramatic increase was found in bGH mice (Fig. 6a) . Total HP showed a significant increase in bGH mice and a significant interaction between genotype and age. The increase of total HP alpha was (Fig. 6d) . The HP alpha isoform pattern, as well as up-regulation in the bGH mice, were also confirmed by 2-D Western blotting (Fig. 6e) .
Similar to HP, isoforms 1 and 2 of CLU as well as total CLU revealed a progressive increase as a function of age in bGH mice but did not change in WT mice, showing a significant interaction between genotype and age (Online Resource 3). A similar trend was found in the other four CLU isoforms but did not reach statistical significance (data not shown). Thus, CLU is differentially expressed as a function of age in bGH mice versus WT mice. ; isoform 2, F(1,15) = 320.7, P = 2 9 10 -11 ; isoform 3, F(1,15) = 443.3, P = 2 9 10 -12
; isoform 4, F(1,15) = 65.9, P = 7 9 10 -7
; isoform 5, F(1,15) = 25.5, P = 0.0001; total apoE, F(1,15) = 442.1, P = 2 9 10 -12 .
b Cropped image of one representative gel from WT and bGH mice at each age. The arrows point to individual apoE isoforms at 4 months, with the numbers corresponding to isoform numbers. c 1-D Western blotting of APOE using 8-month old mouse plasma samples (n = 4 for each genotype). d 2-D Western blotting of APOE from one WT and one bGH mouse at 8 months of age. Isoforms 1-5 labeled on the X-ray film images correspond to APOE isoforms 1-5 in Fig. 2 . Equal loading of protein samples was confirmed by PageBlue staining of gels (not shown)
Discussion
Body composition, glucose and insulin Due to a shortened lifespan of bGH mice, many studies have analyzed them at relatively early ages (up to 12 months of age). Our study has followed the same cohort of bGH mice with their littermates up to 16 months of age. In this study, bGH mice have increased IGF-1, body weight and lean mass, but decreased fat mass as reported earlier (Mathews et al. 1988; Berryman et al. 2006; Berryman et al. 2004; Palmer et al. 2009 ). Our longitudinal data indicate that bGH mice are leaner than WT mice, and this phenotype is progressively more exaggerated with advanced age due to losses in fat mass. This was observed in a previous longitudinal study that followed the bGH mice up to 1 year of age ). The early-onset weight/fat loss of bGH mice appears to reflect their shortened lifespan. ; isoform 2, F(1,15) = 15.1, P = 0.001; isoform 3, F(1,15) = 54.4, P = 2 9 10 -6 ; isoform 4, F(1,15) = 179.3, P = 1 9 10 -9
; isoform 5, F(1,15) = 106.8, P = 3 9 10 -8 ; isoform 6, F(1,15) = 26.5, P = 0.0001; total TTR, F(1,15) = 188.1, P = 7 9 10 -10 . b Cropped image of one representative gel from WT and bGH mice at each age. The arrows point to isoforms 1-6. c 1-D Western blotting of TTR using 8-month old mouse plasma samples (n = 4 for each genotype). Equal loading of protein samples was confirmed by PageBlue staining of the gel (not shown) Indeed, the mean lifespan of this mouse line is 409 ± 45 days (about 14 months) versus 602 ± 34 days (about 21 months) for WT in a C57Bl/6 J genetic background (Berryman et al. 2004) .
Previous studies have shown that bGH mice have increased insulin levels (Dominici et al. 1999; Olsson et al. 2005; Wang et al. 2007 ). These studies are conducted on relatively young mice (younger than 7 months of age). Similarly, we report that bGH mice are hyperinsulinemic at 3 months of age. However, by 5 months of age, the insulin levels in bGH mice are not significantly different from WT mice, which has also been reported (Berryman et al. 2006) . Surprisingly, at 12 and 16 months of age, bGH mice are hypoinsulinemic relative to controls. The reason for this phenomenon is not known. One possibility is failure of beta cells to secrete insulin as bGH mice age. In this regard, GH/IGF-1 is known to stimulate beta cell proliferation and insulin secretion (Parsons et al. 1995; Olsson et al. 2005; Okuda et al. 2001 ). However, chronic exposure to high GH leads to accelerated aging (Wolf et al. 1993 ) and this 'aging' phenotype is manifested in multiple organs (Quaife et al. 1989) , perhaps also affecting the pancreas. Unfortunately, no data has examined the impact of aging on pancreatic beta cell function in bGH mice. bGH mice are known to have normal glucose levels. This is the case in our study from 3 to 9 months of age. However, at 12 and 16 months, bGH mice have significantly reduced fasting blood glucose levels compared to WT mice. In previous studies, GH transgenic mice have been reported to have lower, although not always significant, glucose levels at 3 months (Bartke et al. 2004 ), 8 months (Frick et al. 2001a ) and 11 months of age (Rocha et al. 2007) . Our data show that bGH mice have lower fasting glucose levels at 12 and 16 months of age. One possible explanation is that the prematurely 'old' bGH mice have reduced liver function that cannot adequately support sufficient gluconeogenesis, since fasting blood glucose is mainly derived from hepatic output (Sheehan 2004) . A recent study shows that bGH mice have suppressed gluconeogenic capacity (Boparai et al. 2010 ). In addition, key enzymes in gluconeogenesis are found to be lower in bGH versus control mice (Valera et al. 1993) . A possible mechanism is that PGC-1a, a transcriptional coactivator regulating hepatic glucose production that normally is induced by fasting in mouse liver to up-regulate gluconeogenesis-related enzymes (Yoon et al. 2001) , is lower in bGH relatlive to WT mice (Al-Regaiey et al. 2005) . Consistent with this observation is the ; isoform 2, F(1,15) = 17.8, P = 0.007; isoform 5, F(1,15) = 11.2, P = 0.004; isoform 6, F(1,15) = 9.8, P = 0.007. b cropped image of one representative gel from WT and bGH mice at each age. The arrows point to A2M isoforms 1, 2, 5 and 6
Transgenic Res (2011 Res ( ) 20:1305 Res ( -1320 Res ( 1313 fact that, liver expression of PGC-1a is elevated in GH receptor null (GHR-/-) mice versus WT control littermates (Rocha et al. 2007 ). Human acromegalic patients have hyperinsulinemia and insulin resistance that can advance to glucose intolerance and type 2 diabetes (Chanson and Salenave 2008) . As for the effect of aging, older acromegalic patients are more likely to have glucose intolerance and type 2 diabetes than younger patients (Gierach et al. 2010) . For example, in two cohorts of acromegalic patients, 94% of the elderly ([ 61 yr) suffer from glucose intolerance and 63% from diabetes versus 33% and 11% in young patients (\ 30 yr), respectively (Tanimoto et al. 2008) . In comparison to human acromegaly, bGH mice also have hyperinsulinemia when young. However, bGH mice do not seem to develop glucose intolerance or diabetes. In fact, recent data show that GH transgenic mice have enhanced glucose tolerance and increased glucose-stimulated insulin secretion (Boparai et al. 2010 ). The discrepancy between GH transgenic mice and acromegalic humans is perhaps due to species differences, the timing of GH excess (entire lifespan including early development in bGH mice versus adult or childhood-onset in acromegalic patients), or the significantly shorter lifespan in bGH mice, which means they may die before becoming diabetic.
Abnormal levels of plasma proteins in bGH mice
We hypothesized that the plasma proteome of bGH mice would be different from WT mice. In this regard, we have found several proteins and/or protein isoforms that were up-or down-regulated in bGH mice, as well as proteins that changed differently as a function of age in bGH mice versus controls. Online Resource 4 discusses the Mw, pI and possible PTMs for the protein isoforms found in this study. Below, we briefly describe the functions and the known effects of GH on each protein. Total HP is calculated as the sum intensity of all HP isoforms. The Y axis represents log-transformed intensity. Two-way repeated measures ANOVA revealed a significant effect of age, genotype and a significant interaction between genotype and age. Effect of age: isoform 1, F(2.843,42.647) = 18.6, P = 1 9 10 -7
; isoform 2, F(4,60) = 16.7, P = 3 9 10 -9 ; isoform 3, F(4,60) = 20.5, P = 1 9 10 -10 ; isoform 4, F(4,60) = 18.7, P = 5 9 10 -10 ; total HP, F(4,60) = 18.1, P = 8 9 10 -10 .
Effect of genotype: isoform 1, F(1,15) = 10.0, P = 0.006; isoform 2, F(1,15) = 13.5, P = 0.002; isoform 3, F(1,15) = 8.3, P = 0.011; isoform 4, F(1,15) = 17.8, P = 0.0007; total HP, F(1,15) = 10.4, P = 0.006. Interaction between genotype and age: isoform 1, F(2.843,42.647) = 7.5, P = 0.0005; isoform 2, F(4,60) = 2.3, P = 0.068; isoform 3, F(4,60) = 7.2, P = 8 9 10 -5
; isoform 4, F(4,60) = 10.6, P = 1 9 10 -6
; total HP, F(4,60) = 3.8, P = 0.008. b cropped image of one representative gel from WT and bGH mice at each age. The arrows point to individual HP isoforms at 8, 12 and 16 months, with the numbers corresponding to isoform numbers. c 1-D Western blotting of HP using 8-month old mouse plasma samples (n = 4 for each genotype). d 2-D Western blotting of HP from one WT and one bGH mouse at 8 months of age. Isoforms 1-4 labeled on the X-ray film images correspond to HP isoforms 1-4 in Fig. 2 . Equal loading of protein samples was confirmed by PageBlue staining of gels as well as non-specific bands and spots on X-ray films (not shown)
It is well known that GH regulates lipid metabolism through lipases and lipoproteins (Vijayakumar et al. 2010) . APOE is associated with lipoproteins which transport cholesterol and triglyceride in blood. By mediating the clearance of different lipoproteins from blood, APOE plays a significant role not only in cardiovascular disease, but also neurological disease, with the e4 allele of APOE being the largest known genetic risk factor for Alzheimer's disease in humans (Huang 2010) . It is thought that APOE affects amyloid beta protein aggregation and clearance in an allele-specific manner, therefore, contributing to the pathogenesis of Alzheimer's disease (Kim et al. 2009 ). It is not known if inbred C57BL/6 J mice have different alleles of the apoe gene. Since five isoforms of APOE were observed on 2-D gels for all mice regardless of genotype and age (observed also in other cohorts of C57BL/6 J mice not discussed in this paper), it is unlikely that these isoforms are a result of different alleles in mice. The difference in charge and size of the five isoforms probably arise via PTMs, which will be a subject of future studies.
APOE-/-mice exhibit hypercholesterolemia and develop spontaneous atherosclerosis (Nakashima et al. 1994) . Interestingly, GH exacerbates the atherosclerotic lesions in these mice even further, whether fed with chow or a high fat diet (Andersson et al. 2006 ). The present study showed higher levels of APOE in bGH mice compared to controls. This is consistent with bGH mice having increased serum total cholesterol (2.75-4.5 mmol/l for bGH versus 1.75-2 mmol/l for WT controls) (Frick et al. 2001b; Olsson et al. 2005) . There is also evidence that GH is needed to maintain normal APOE levels in rats (Oscarsson et al. 1991) by stimulating APOE mRNA translation and subsequent protein secretion from hepatocytes (Sjoberg et al. 1994) . Also, acromegalic patients have increased circulating APOE levels (Wildbrett et al. 1997) . Finally, GH treatment in adult GH deficient patients for one year increases serum APOE levels (Johannsson et al. 1995) . Thus, our data further supports the mounting evidence that GH influences this protein although how this alteration influences aging, cardiovascular and neurological diseases remains to be established.
CLU may also be involved in aging, as it accumulates in atherosclerotic plaques (Jordan-Starck et al. 1994; Witte et al. 1993 ) and increases in aged human pituitary glands (Ishikawa et al. 2006) . Thus, increased plasma levels of CLU at later ages may indicate an aging phenotype of bGH mice. A role of CLU in kidney disease is also known. Secreted CLU is higher in the kidney of patients with renal cell carcinoma than healthy subjects (Kurahashi et al. 2005) . In fact, CLU has been used as a marker for severity of kidney tubular damage in rats (Hidaka et al. 2002) . bGH mice are known to develop progressive glomerulosclerosis as they age (Quaife et al. 1989 ) and glomerulosclerosis is detected as early as 7 months (Doi et al. 1990) , which interestingly coincides with the up-regulation of CLU in bGH mice from 8 months of age (Online Resource 3).
GH modulates innate immunity (Hansen 2003 ) and stimulates acquired immunity (Postel-Vinay et al. 1997; Blazar et al. 1995) . GH has been shown to affect T and B cell development, cytokine production, antibody production and priming neutrophils and monocytes for superoxide anion secretion (Hattori 2009 ). However, elevated levels of GH do not necessarily result in a superior ability to fight infection. On the contrary, bGH mice produce less specific antibodies when challenged with tetanus toxoid while GH deficient Ames dwarf mice produce normal levels of antibodies (Hall et al. 2002) . Thus, a complete role of GH in immune function is still not clear. Inflammation is a component of innate immunity and increased inflammation is associated with aging (Ferrucci et al. 2005; Brüünsgaard and Pedersen 2003; Roubenoff et al. 1998) . Interestingly, several of the proteins identified in the present study are involved in immunity and/or inflammation, including MBP-C, HP, TTR and A2M.
MBP-C is primarily synthesized by the liver and is classified as an acute phase protein that is induced in the liver by inflammation, infection or injury. It is involved in defense against pathogens by activating the classical complement pathway (Turner 2003) . Different human alleles of MBP-C have been identified to affect immune functions, e.g., genetic variations in MBP-C are associated with susceptibility to hepatitis B virus infection (Thio et al. 2005) . Also, low levels of MBP-C are associated with susceptibility to frequent and chronic infections (Sumiya et al. 1991; Turner 2003) . A positive relationship of MBP-C with GH has been reported in humans (Gravholt et al. 2004; Hansen et al. 2001 ). The present study found one MBP-C isoform to be upregulated in bGH mice, consistent with data from human studies, suggesting increased inflammation in bGH mice. Similar to the rational for APOE above, the isoforms observed in mouse plasma are most likely the result of PTMs rather than different alleles.
HP is also an acute phase protein indicative of acute insult. For example, HP is upregulated following whole-body exposure to gamma-rays in mice (Rithidech et al. 2009 ). Interestingly, HP seems to be related to GH status. HP is increased in response to GH treatment in Turner's syndrome (TS) patients (Gravholt et al. 2004) . GH treatment also results in HP production in a human hepatoma cell line (Derfalvi et al. 2000) . In pigs and lambs treated with acute insults, serum HP as well as GH levels increase (Spurlock et al. 1998; Moore et al. 1995) . Previously, it has been shown that WT mice have an increase in HP with advancing age (Ding and Kopchick 2010) . The present study confirms this phenomenon and shows that the up-regulation of HP during aging is more exaggerated in bGH compared to WT mice, suggesting an enhanced inflammatory state in bGH mice.
TTR is a negative acute phase protein that is suppressed during inflammation, infection or malnutrition (Lasztity et al. 2002) . The lower levels of TTR are associated with higher rate of morbidity/mortality and recovery from acute and chronic disease (Fuhrman et al. 2004) . TTR is decreased in type 1 diabetes (Itoh et al. 1992) , which is interestingly associated with higher levels of GH (Edge et al. 1990 ). It has been reported that serum TTR is decreased by GH treatment in hypophysectomized male rats at 2 months of age (Vranckx et al. 1994) . bGH mice have decreased levels of thyroxine (T4) (Bohlooly et al. 2001) , which is transported by TTR in blood. Consistent with the literature, the present study showed markedly lower levels of TTR in bGH mouse plasma, perhaps indicating higher inflammation and also explaining lower T4 in bGH mice.
A2M is a proteinase inhibitor that is mainly secreted by liver (Van Leuven et al. 1994) . Regarding immune modulation, A2M -/-mice are normal under standard conditions but have an increased mortality rate when subjected to acute pancreatitis (Umans et al. 1999) . In terms of interaction with hormones, A2M binds GH although with a weaker affinity than GH binding protein (BP) (Kratzsch et al. 1996) . A2M also binds to IGFBP-1 and modifies IGF-I/IGFBP-1 actions resulting in enhanced IGF effects (Westwood et al. 2001 ). Moreover, a positive relationship of A2M with GH has been reported, i.e., as GH goes up so does A2M (Derfalvi et al. 2000; Pozzilli et al. 1978; Zargarova and Konnova 1983) . The present study has found no change in total A2M, but up-regulation in isoforms 1 and 2 and downregulation in isoforms 5 and 6 throughout lifespan in bGH mice, suggesting that GH differentially regulates the PTMs of plasma A2M. Our results indicate a novel regulation of A2M by GH through PTM, rather than at the total protein level.
Many of the aforementioned proteins are acute phase proteins, which are markers of inflammation and important for combating acute infection and injury. Under standard mouse housing conditions, little infection or injury occur to the mice. Thus, the abnormality of these proteins in bGH mice may reflect an inflammation-prone phenotype. In this regard, bGH mice are known to exhibit inflammation in the liver and kidney (Hardy et al. 1997; Quaife et al. 1989; Doi et al. 1990) , as well as increased levels of tissue necrosis factor-a (TNF-a) and interleukin-6 (IL-6) (Wang et al. 2007 ). Studies suggest that GH is induced under acute inflammatory conditions. For example, serum GH levels are elevated in children and adults suffering from septic shock (de Groof et al. 2002; Lang et al. 1997) . It seems that during infection, the up-regulation of GH serves as a beneficial signal for the induction of acute phase proteins, which, together with other pro-inflammatory cytokines, are necessary to fight infection. However, at high levels, GH is detrimental to critically ill patients (Takala et al. 1999; Chen et al. 2007 ). Moreover, animals under sepsis become GH resistant with suppressed JAK2/STAT5 signaling and STAT5 DNA binding (Chen et al. 2007 ). It is not clear how GH induces acute phase proteins, although it is likely by the JAK2/STAT5 pathway (Dajee et al. 1996) , the same intracellular pathway used by many cytokines (Hennighausen and Robinson 2008) . Finally, nuclear factor jB (NFjB) is a central player regulating inflammation. GH has been shown to activate NFjB via the phosphoinositide-3 kinase-Akt pathway (Jeay et al. 2002) , thereby providing a potential cross-talk mechanism between GH and inflammation. Further studies are needed to unravel the mechanism of the interaction of GH and inflammation.
In summary, bGH mice experience weight loss, fat mass loss, and a decline in fasting insulin and glucose levels starting at *12 months of age, in contrast to no change or an increase of these parameters in WT mice during aging. Additionally, the changes in the plasma proteome of bGH versus control mice throughout their lifespan suggests an altered lipoprotein profile and an increased inflammatory state. Whether or not these changes impact the shortened lifespan of these mice is unknown. Finally, the tissues that secrete these proteins, the molecular mechanisms that regulate their production and how they are related to the aging phenotype will be subjects of future studies.
